During winter in both hemispheres, the three models with stronger upper stratospheric ozone responses produce relatively strong latitudinal gradients of ozone and temperature in the upper stratosphere that are associated with accelerations of the polar night jet under solar maximum conditions. This behavior is similar to that found in the satellite ozone and ERA Interim data except that the latitudinal gradients tend to occur at somewhat higher latitudes in the models. The sharp ozone gradients are dynamical in origin and assist in radiatively enhancing the temperature gradients, leading to a stronger zonal wind response. These results suggest that simulation of a realistic solar-induced variation of upper stratospheric ozone, temperature and zonal wind in winter is possible for at least some coupled climate models even if a conservative SSI variation is adopted.
in modifying and enhancing the bottom-up component of solarinduced climate change using both high-top and low-top CMIP-5 models.
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In this paper, the model characteristics that yield a reasonable agreement of solar signals with available observations of the stratosphere are examined further. Specifically, multiple linear regression (MLR) is applied to compare in more detail solar signals in a subset of the 13 high-top CMIP-5 models considered 85 in Paper 1, i.e., the 6 models that included coupled interactive ozone chemistry (as opposed to those whose stratospheric ozone variability was prescribed a priori). Attention is focused especially on the model response of stratospheric ozone (which was not considered in Paper 1) and comparisons are made to oceans but were forced at their lower boundaries using observed sea surface temperatures (SSTs). It was shown that the model ozone results were generally in agreement with observations at tropical latitudes (e.g., Soukharev and Hood 2006) , yielding a maximum response near 3-4 hPa of two to three per cent 105 over a solar cycle, a minimum near 20 hPa, and a secondary maximum in the lower stratosphere. The upper stratospheric response is primarily a consequence of increased photolytic ozone production while the lower stratospheric response has a transport origin, resulting from a slowing of the upwelling branch of 110 the mean meridional (Brewer-Dobson) circulation (Kodera and Kuroda 2002) . This double-peaked structure was not found to be dependent on whether or not a model included energetic particle precipitation effects or a simulated or prescribed equatorial quasibiennial wind oscillation (QBO) . During the 1960 During the -1981 the ozone response maximum in the lower stratosphere was shown to be artificially suppressed due to a fortuitous correlation between the SSTs and the solar cycle. However, during the period from 1982 to 2003, such aliasing was minimal and the lower stratospheric response agreed well with observational estimates 120 over the same period. In the present work, the 6 considered models all have coupled oceans so that aliasing from prescribed SSTs is not a concern and only the period after 1979 is analyzed.
In section 2, the 6 high-top CMIP-5 models with interactive chemistry are described and the MLR statistical method that is 125 applied to the model data is summarized. Results of the analysis for annually averaged monthly solar regression coefficients for stratospheric ozone and temperature are presented and compared for the 6 models. In section 3, previous efforts to estimate observationally the 11-year solar-induced responses of Table I lists the 6 high-top CMIP-5 models with interactive chemistry that are considered here. The institutes that were mainly responsible for producing these models are as follows: CESM1-However, the modeled response of stratospheric ozone and temperature to 11-year SSI forcing depends strongly on the detailed treatment of the solar UV irradiance in the 120-300 nm spectral range. Experiments using a 1-D radiative-convective- scale (e.g., Hood 1986 , Keating et al. 1987 , Hood et al. 1991 .
Models, Statistical Method, and Annual Mean Results

Models
The absorption of SSI at the Lyman-α wavelength by O 2 is also responsible for a strong expected ozone increase in the upper mesosphere. Ozone photolysis in the 240-300 nm spectral range leads to ozone loss partly compensating the influence of enhanced For regions where the influence of dynamics is not crucial (e.g.,
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the tropical middle to upper stratosphere and lower mesosphere), differences in modeled ozone and temperature responses to increases in SSI can potentially be explained by different representations of the photolysis and radiative heating responses.
Therefore, a detailed consideration of the individual model codes 250 is necessary. It should be noted however that the magnitude of the thermal response depends not only on the details of the shortwave radiation codes but also on the quality of the long-wave part of the codes because the net temperature change is a balance between solar heating and infrared cooling.
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CESM1-WACCM
The model version participating in CMIP-5 is described by Marsh et al. (2013) . Below 65 km, the heating rates are calculated using the scheme of Briegleb (1992) , which is based on the two-stream delta-Eddington approximation. The solar visible and 260 UV (200-700 nm) spectrum is divided into 8 spectral intervals and only ozone absorption, which dominates below 50 km, is taken into account. The photolysis rates are calculated using a look-up table approach based on the output of the Tropospheric Ultraviolet and Visible (TUV) Radiation model developed at 265 NCAR (Madronich and Flocke 1998) . Above 65 km, the model also includes parameterizations for the Schumann-Runge bands (Koppers and Murtaugh 1996; Minschwaner and Siskind 1993) and continuum, as well as for the Lyman-α line (Chabrillat and Kockarts 1997). The model is also able to treat extreme UV and X-270 rays, which are mostly important for the thermosphere. The main weakness of the applied codes is the absence of oxygen absorption below 65 km, which may lead to underestimation of the solarinduced warming and an associated ozone increase there.
MIROC-ESM-CHEM
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Radiative heating and photolysis rates are calculated using the radiation code described by Sekiguchi and Nakajima (2008) . The radiative transfer solver is based on the two-stream approximation in the form of a discrete-ordinate/adding method and allows treatment of multiple scattering and absorption/emission. The 280 absorption is treated using a correlated k-distribution (CKD) approach. The entire solar spectrum is divided into 23 intervals but the most important ones for the stratosphere/mesosphere solar UV spectrum (185-300 nm) consists of 6 intervals where the absorption by O 3 and O 2 is included. Photolysis rates 285 are calculated on-line using temperature and radiation fluxes computed in the radiation code considering absorption and multiple scattering (Watanabe et al. 2011) . The cross-sections and quantum yields of the atmospheric species for each spectral bin are calculated using optimized averaging.
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Weaknesses of the applied code include absence of the Lyman-α line and water vapor photolysis. This could potentially lead to some overestimation of the ozone response in the upper stratosphere due to absence of H 2 O photolysis in the SRB. At altitudes above 60 km, the neglect of the Lyman-α line would 295 result in problems in the simulation of both the ozone and temperature responses.
MRI-ESM1
The model version participating in CMIP-5 is described by Adachi et al. (2011) . The calculation of heating rates in 300 this version is performed with the two-stream delta-Eddington approximation with the entire solar spectrum divided into 22 spectral intervals (Yukimoto et al. 2011 (Yukimoto et al. , 2012 . The absorption of solar UV radiation by O 2 and O 3 is included following Freidenreich and Ramaswamy (1999) , which divides the spectrum 305 from 173 to 400 nm into 11 intervals. Absorption in the molecular lines is treated using a CKD approach. The photolysis rate calculation is based on the scheme applied in the NCAR 2-D model SOCRATES (Huang et al. 1998 ) and includes all reactions important for the stratosphere and mesosphere. The only obvious 310 weakness of the radiation code is the absence of the Lyman-α line.
GFDL-CM3
The model version participating in CMIP-5 is described by Donner et al. (2011) . The applied radiation code is based on an original algorithm presented by Freidenreich and Ramaswamy 315 (1999). To improve performance, the code was slightly simplified by reducing the total number of spectral intervals covering the solar spectrum from 25 to 18. However, in the UV range (173-300 nm), the number of intervals remains the same as in the original scheme (Anderson et al. 2004 ). Clear-sky photolysis rates are 320 calculated using a multivariate interpolation table derived from the TUV model of Madronich and Flocke (1998) , with an adjustment applied for the effects of large-scale clouds. As in MRI-ESM1, the only obvious weakness of the radiation code is the absence of the Lyman-α line. However, it appears that the applied photolysis 325 rate calculation scheme was designed mostly for tropospheric applications so it is possible that O 2 photolysis could be missing because this reaction is not important in the troposphere.
GISS-E2-H and GISS-E2-R
The model versions participating in CMIP-5 are described by Specifically, the adopted MLR model for a given atmospheric variable and month X(i, t) is of the form: individual model prior to application of (1). For models with no QBO, the QBO terms are set to zero. As described in more detail in Paper 1, to correct for autocorrelation of the model data residuals after applying (1), we use the method of Tiao et al.
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(1990) (see also Cochrane and Orcutt 1949 and Garny et al. 2007 ).
However, the correction is relatively minor since the year-to-year autocorrelation of the monthly residuals is not large. km. In all three cases, the peak amplitude averaged over all months is near 3%. Above the stratopause (∼ 1 hPa), the MRI-ESM1
Annual Mean Model Results
response is largest (> 2%) at high latitudes in both hemispheres.
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As also seen in Figure simulation. For the latter two models, the negative latitudinal gradients are noticeably larger in the southern hemisphere winter. 
Comparisons With Observational Estimates
590
Analyses of these data indicate substantial variations of 2 to 4% from solar minimum to maximum extending from ∼ 5 hPa to and above the stratopause at low latitudes (e.g., Soukharev and Figure 4a , the three models in the top panel of Figure 1 yield ozone response profiles that fall well within the 2σ error 745 bars of the tropical mean SAGE II solar coefficients. As seen in Figure 4b , the remaining models produce tropical mean upper stratospheric ozone responses that are outside of the 2σ error bars at altitudes above 40 km. Also, the altitude dependence of the solar ozone response for the latter models differs noticeably from that 750 estimated from the SAGE II data.
Temperature
Continuous global satellite remote sensing measurements of 
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As shown in their Figure 7 , the peak response in the tropics occurs near 2 hPa and the high-latitude maxima at 1 hPa in Figure 5b extend up to 0.3 hPa (∼ 55 km).
Comparing the annual ERA temperature results of Figure 5 with the annual observational ozone results of Figure 3 , several 805 similarities are notable. First, in the tropics, the ozone response is largest in the upper stratosphere (down to ∼ 2 hPa for SBUV and down to ∼ 5 hPa for SAGE) while the temperature response is also largest in the tropical upper stratosphere (1 to 3 hPa).
Second, at high latitudes near the 1 hPa level, the temperature agree qualitatively with responses seen in the SBUV data at comparable pressure levels, especially when the individual monthly responses are examined. Specifically, as seen in Figure 3a for the annually averaged SBUV monthly coefficients, marginally significant ozone response maxima of order 3% are present in the 825 subtropical lower stratosphere near 50 hPa. These coefficients are formally significant with larger amplitudes (up to 8%) during July and August ( Figure S14) . Similarly, the ERA Interim monthly coefficients are formally significant with amplitudes > 0.5 K near 50 hPa only during June, July, and August ( Figure S15 ).
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Comparing the annual temperature responses of Figure of Figures S8-S13 shows that most of the models (except GFDL-CM3) produce broad maxima in the temperature response at high summer latitudes near the stratopause but the amplitudes are in the range of 1.0-1.5 K, which is less than obtained from the reanalysis data.
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As also seen in Figures 2 and 6 , most of the models (4 of 6) produce broad positive responses in the tropical lower stratosphere (∼ 50 hPa) that are statistically significant. One of these, CESM1-WACCM, produces localized subtropical response maxima that are qualitatively similar to those obtained from the ERA Interim 855 data. However, the peak amplitudes in the lower stratosphere for CESM1-WACCM (∼ 1 K) are nearly a factor of two larger than those in Figure 5b (∼ 0.6 K). Also, as seen in Figure S8 , the monthly model temperature responses in this location are significant during most months while, as seen in Figure S15 ,
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the corresponding observational monthly temperature responses near 50 hPa are significant only during NH summer. As seen in Figure S1 , the CESM1-WACCM 11-year ozone response in the lower stratosphere is large and significant during nearly all months while, as seen in Figure S14 , the observationally estimated 
Zonal Wind
The apparent offset errors found in ERA Interim temperature data in the upper stratosphere should be less problematic for the derived zonal wind field since the latter depends primarily on latitudinal temperature gradients, which are less sensitive to As seen in Figure S16 , the ERA Interim zonal wind solar 
Seasonal Model Comparisons
Finally, we wish to compare in more detail the seasonal ozone, temperature, and zonal wind responses obtained from the 6
high-top CMIP-5 models with interactive chemistry (Table I) to identify any specific model simulations that yield the best agreement with the observations. For this purpose, the monthly solar regression results for zonal wind for each of the 6 interactive models of Table I are plotted in Figures S17-S22.
Prior to considering the 6 interactive models of Table I, Next, consider the 3 interactive models of Table I that did not produce a substantial upper stratospheric ozone response and produced a relatively weak upper stratospheric temperature response (GFDL-CM3, GISS-E2-H, and GISS-E2-R). Averaging 980 together the ensemble and zonal mean ozone, temperature, and zonal wind responses during November-December and JulyAugust for these 3 models yields the mean responses shown in Figure 9 . Again, no significant latitudinal temperature response gradients and no significant zonal wind anomalies are produced 985 by these models.
Next, consider the 3 interactive models of Table I that hemisphere one is marginally significant. The structure of the southern hemisphere wind signal is similar to that estimated from observations in that a weaker negative wind anomaly is present at higher latitudes. However, the mean amplitudes in both hemispheres are weaker by at least a factor of two than those 1005 estimated from the ERA Interim data in Figure 7 .
Lastly, Figure 11 shows a similar plot for the interactive model that produced the strongest and most significant 11-year response of upper stratospheric ozone, the MRI-ESM1 model (Figures 1c   and 2c ). Only one historical simulation was completed for this in the southern hemisphere in July-August is formally significant 1020 with a peak amplitude of 8 m/s near 2 hPa, which compares to a marginally significant anomaly derived from the ERA data with a peak amplitude of ∼ 13 m/s near the stratopause.
Summary and Discussion
A prerequisite for a successful model simulation of the top- 
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Only the 6 models with high tops and interactive ozone chemistry were considered (Table I ). The Mg II solar UV index, derived from satellite SSI data, was adopted as the solar predictor or basis function in the MLR analysis (rather than TSI as done in
Paper 1) because it is available for this particular time period and 1040 produces larger and more statistically significant solar regression coefficients in stratospheric ozone data (e.g., Figure S7 ).
In section 2.4, it was found that three of the six models in Table I (CESM1-WACCM However, the latter three models do, in effect, provide a valuable 1060 baseline or set of control runs against which results for the three models with a substantial upper stratospheric response can be compared.
As discussed in section 2.2, there are some significant differences in the radiation and photolysis codes for the six models 1065 that could potentially explain why only three of the models produce substantial 11-year upper stratospheric ozone variations that agree with observational estimates. In the case of the GFDL-CM3 model, which produced the weakest 11-year ozone variation at most altitudes in the stratosphere, the applied photolysis rate all CMIP-5 modeling groups responsible for producing the simulations summarized in Table I Offset errors of this type are clearly found in the data only at the 1, 2, and 5 hPa levels.
In order to estimate the magnitude of offset errors such as those in the top panel of Figure A1 , a simple average of the low-latitude temperature anomalies was calculated in a 12-month window on 
